We have demonstrated previously that mild intraischemic hypothermia confers a marked protective effect on the final histopathological outcome. The present study was carried out to evaluate whether this protective effect involves changes in the degree of local cerebral blood flow reductions, tissue accumulation of free fatty acids, or alterations in the extracellular release of glutamate and dopamine. Rats whose intraischemic brain temperature was maintained at 36° C, 33° C, or 30° C were subjected to 20 minutes of ischemia by four-vessel occlusion combined with systemic hypotension. Levels of local cerebral blood flow, as measured autoradiographically, were reduced uniformly in all experimental animals at the end of the ischemic period. Cortical and striatal free fatty acid levels were measured at the end of ischemia by gas chromatography after tissue extraction and separation by thin layer chromatography. A massive ischemia-induced accumulation of individual free fatty acids was observed in animal groups whose intraischemic brain temperature was maintained at either 36° C or 30° C. Extracellular neurotransmitter levels were measured by microdialysis; the perfusate was collected before, during, and after ischemia. In rats whose intraischemic brain temperature was maintained at 36° C, dopamine and glutamate increased significantly during ischemia and the early period of recirculation (by 500-fold and sevenfold, respectively). In animals whose brain temperature was maintained at 33° C and 30° C, the release of glutamate was completely inhibited, and the release of dopamine was significantly attenuated (by 60%). These results suggest that mild intraischemic hypothermia does not affect the ischemia-induced local cerebral blood flow reduction or free fatty acid accumulation. Received December 27, 1988; accepted March 7, 1989. hypothermia has been attributed mainly to a decrease in brain energy demands, energy failure during the ischemic insult, or both. Recently, we have demonstrated that relatively modest decrements (2° C) in brain temperature during the ischemic insult markedly attenuate neuronal damage in vulnerable brain regions such as the hippocampus or striatum. 8 However, the degree of high-energy phosphate depletion and lactate accumulation at the end of the ischemic insult were not affected by these temperature variations. These results suggest that a moderate reduction in intraischemic brain temperature affects a different consequence of brain ischemia that is important for the development of neuronal damage in these selectively vulnerable brain regions.
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Neurotransmitter release has been implicated in the pathophysiology of brain damage within hippocampal and striatal areas after ischemia. 9 -12 Recent studies have described elevations in the extracellular concentration of glutamate in the hippocampus after transient ischemia, 13 and others have demonstrated that ischemia-induced cell death in the hippocampus is dependent on the integrity of its glutamatergic input.
14 - 16 We have demonstrated recently an acute and massive increase in the extracellular concentration of dopamine and glutamate in the striatum after ischemia 17 and that a prior substantia nigra lesion exerts a strong protective effect on postischemic striatal neuronal death. 18 These results implicate the release of dopamine and glutamate in the development of ischemic cell damage in the striatum. Decreases in temperature are known to inhibit the biosynthesis, release, and uptake of various neurotransmitters. 19 - 22 Small decreases in brain temperature, therefore, may alter neurotransmitter release during ischemia and through such a mechanism affect the outcome of the ischemic insult. This theory has been substantiated by our recent finding that striatal glutamate and dopamine release during ischemia are affected by mild intraischemic hypothermia. 23 Another consequence of ischemia is the accumulation of free fatty acids, 24 ' 25 which have been suggested to play a critical role in the development of ischemic neuronal damage. 25 ' 26 The mechanism of free fatty acid production involves activation of phospholipases and breakdown of membrane phospholipids.
27
- 28 These processes can be affected by a mild alteration in brain temperature and also may be involved in the protective effect of moderate hypothermia.
In the present study, we measured the effect of small differences in intraischemic brain temperature on extracellular levels of striatal dopamine and glutamate during ischemia and extended these measurements to several time points during recirculation. In addition, we evaluated the effect of mild intraischemic hypothermia on the degree of free fatty acid accumulation in the striatum and the cortex at the end of transient ischemia. Local cerebral blood flow measurements were carried out at the end of the ischemic period to document the effects of mild intraischemic hypothermia on the hemodynamic severity of the ischemic insult.
Materials and Methods Three subgroups of male Wistar rats (280-300 g) were investigated; the study included animals whose intraischemic brain temperature was maintained at 36° C, 33° C, and 30° C. Brain temperature was measured by means of a thermocouple probe that was placed in the temporalis muscle as previously reported 8 and was maintained by appropriate adjustments of a thermostatically regulated heating lamp or a cooling fan placed above the head. We have previously shown that external monitoring of cranial muscle temperature can provide a reliable indirect estimate of brain temperature during the course of an ischemic insult. 8 Rectal temperature was monitored with thermistor probes and kept at 36-37° C throughout the experiment by a warming lamp. The brain temperature was maintained at 36° C during the recirculation period. Rats were subjected to 20 minutes of global ischemia by four-vessel occlusion combined with systemic hypotension. The procedure consisted of bilateral temporary ligation of the common carotid arteries in rats with prior permanent occlusion of the vertebral arteries. One day before ischemia was induced, both vertebral arteries were permanently electrocoagulated while the rats were under halothane anesthesia (3%) and a mixture of nitrous oxide (70%) and oxygen (30%) as described previously. 29 On the following day, both femoral arteries and one femoral vein were cannulated, and ligatures consisting of a loop of PE-10 polyethylene tubing contained within double-bore Silastic tubing were placed around each common carotid artery.
After the rats were intubated and placed on mechanical ventilation, they were transferred to a stereotaxic frame (David Kopf, Tujunga, California) for microdialysis probe implantation. While the rats were under halothane anesthesia, the skull was exposed, and a hole was drilled according to the coordinates for the striatum (1 mm anterior and 2.5 mm lateral to the bregma). A microdialysis probe (4-mm dialysis membrane, Carnegie Medicin, Sweden) mounted on a probe clip and carrier was then lowered into the striatum (5.5 mm ventral to the dura) and subsequently perfused with Ringer's solution at a flow rate of 2 /il/min with a microinfusion pump (Carnegie). Halothane was discontinued, and the animals were maintained on nitrous oxide and oxygen and immobilized by pancuronium bromide (0.6 mg/kg i.v.); additional doses of pancuronium bromide (0.3 mg/kg) were administered at half-hour intervals throughout the experiment. Arterial Paco 2 and Pao 2 were kept within normal range throughout the entire experimental procedure.
After a 1.5-hour stabilization period, the ischemic insult was initiated. Before the ischemic insult, blood was withdrawn to adjust the preischemic blood pressure to 90 mm Hg. Cerebral ischemia was then produced for 20 minutes by tightening the carotid ligatures bilaterally and maintaining mean blood pressure at 80 mm Hg by gradual withdrawal of additional blood or by reinjecting blood as needed. To permit postischemic reperfusion, carotid ligatures were removed, and the blood, kept at 36° C, was reinfused to restore mean arterial pressure to 100-120 mm Hg. Samples of the microdialysis perfusate, representing extracellular fluid, were collected in an ice bath at 10-minute intervals, 30 minutes before ischemia, during ischemia, and during the first 30 minutes and at the end of 1 hour and 2 hours of recirculation. All samples were frozen immediately and stored at -80° C until analysis.
Each collecting tube contained 10 fi\ of 0.1N perchloric acid to prevent air oxidation of the monoamines and 0.5 /iM of 3,4-dihydroxybenzylamine as an internal standard. The perfusion rate was maintained at 2 /xl/min, and each 10-minute period yielded a sample volume of 30 fil of which 10 fil was analyzed for dopamine and the remaining 20 fil was neutralized by 0.1N potassium hydroxide for glutamate assessment.
Analysis of dopamine concentration in the perfusate was performed by high-performance liquid chromatography with electrochemical coulometric detection. 30 Perfusate samples were injected directly into a solvent delivery module (model 5700, ESA, Bedford, Massachusetts), and dopamine was separated on a 250x4.6-mm, reversed-phase analytical column (Ultrasphere ODS 5 jam, Beckman, San Ramon, California). The mobile phase consisted of 0.09 M sodium acetate, 0.035 M citric acid, 130 fiM EDTA, 50 fiM octane sulfonate, and 13.5% (vol:vol) methanol. The coulometric detectors (ESA) consisted of a control module (model 5100), a conditioning cell (model 5021), and a dual-electrode analytical cell (model 5011). For optimal performance, current-voltage curves were performed for dopamine. Based on these curves, the values of applied potential used in our study were +0.10 V at Detector 1 and -0.40 V at Detector 2; the conditioning cell potential was +0.60 V. Basal levels of dopamine in the perfusate were three to five times higher than the limit of detection.
Glutamate was analyzed by combining the following two methods. Two microliters of neutralized perfusate samples was reacted first with 50 fil of enzymatic reagent and NAD + for 45 minutes to form NADH as described by Folbergrova et al. 31 Microtubes including blank (containing Ringer's solution, dihydroxybenzylamine, and perchloric acid) or standard were run in parallel with the samples. The reaction was terminated by adding 0.5N sodium hydroxide and heating the samples at 80° C for 20 minutes. After the reaction was stopped, 10 fil of 0.5N hydrochloric acid was added, and a 5-fil aliquot was used for NADH cycling by means of the enzymatic cycling reactions described by Kato. 32 Free fatty acid levels at the end of ischemia were measured in the striatum and the cortex of control animals and in rats whose intraischemic brain temperature was maintained at 36° C or 30° C. Brains were frozen in situ, and striatal and cortical tissue samples from both sides of coronal brain slices were pooled. The samples were homogenized directly in 20 volumes of chloroform-methanol (1 : 1, vol: vol) and 100 fig of butylated hydroxytoluene. The homogenate tubes were then filled with nitrogen gas and left at room temperature for 60 minutes. The lipid extract was centrifuged, the supernatant was removed (natural lipid extract used for free fatty acid analysis), and the pellet was washed twice with chloroform-methanol (2^1, vol : vol) to ensure complete recovery of free fatty acids. After acidification of the supernatant with 1% sodium chloride in 0.01 M hydrochloric acid, the lower phase was washed with 50% methanol for further purification and evaporated to dryness with nitrogen gas. The residue was redissolved, and the free fatty acids were then isolated by thin layer chromatography. 27 ' 28 The free fatty acid spot was scraped off and transmethylated by anhydrous hydrochloric acid-methanol, and the methylated free fatty acids were analyzed by gas chromatography (model Sigma 2B, PerkinElmer, Norwalk, Connecticut). 27 Palmitic, stearic, oleic, and arachidonic acids were estimated from their peak areas.
To determine whether hypothermia altered the severity of the ischemic insult, local cerebral blood flow measurements were carried out at the end of the ischemic period by the autoradiographic method. 33 In brief, at the end of the ischemic period, rats were infused with 20 fid of [ 14 C]iodoantipyrine at a constant rate for 45 seconds while multiple blood samples were drawn for carbon-14 whole-blood activity measurements. Animals were killed by decapitation, and their brains were quickly removed and frozen. Coronal brain sections (20 /an thick) were cut at -20° C in a cryostat and with calibrated [ 14 C]methylmethacrylate standards were exposed to Kodak SB-5 film (Kodak, Rochester, New York) for 10 days. The resulting autoradiograms were digitized on a rotating-drum scanning densitometer (Optronics, Chelmsford, Massachusetts) interfaced to a PDP 11/44 minicomputer. Optical density information was transformed to color-coded quantitative representations of local cerebral blood flow by the usual operational equation. Measurements of local cerebral blood flow were performed in different forebrain structures with interactive regionof-interest routines developed in our laboratory that use a square cursor of user-adjustable size positioned over individual coronal sections. The sections selected for analysis corresponded to the levels of the somatosensory cortex, caudate nucleus, and the thalamus. Measurements were made from the three regions from each cerebral hemisphere with at least three serial sections used for replicate measurements at each level.
The statistical significance of differences in local cerebral blood flow values and free fatty acid levels between control and ischemic animals and between the different temperature groups were analyzed by one-way ANOVA. The effects of ischemia on neurotransmitter levels and the comparison between the separate temperature groups were analyzed by two-way ANOVA. These analyses included the Dunn's multiple-comparison procedure, Scheffe's test, and Tukey's honestly significant difference procedure. Only if two of the above tests showed significance at the/?<0.05 level were the differences judged to be significant.
Results
In rats analyzed for local cerebral blood flow, blood flow was severely reduced at the end of the ischemic period to 1-4% of control in all forebrain All cerebral blood flow values (ml/g/min) are expressed as mean±SEM of 3-4 animals. Statistical significance was assessed by one-way ANOVA. All flow values at the end of ischemia were significantly lower than the corresponding control values (/?<0.01). No significant differences were found among the different experimental groups.
regions analzyed ( Table 1 ). The degree of local cerebral blood flow reduction was similar in all our experimental animal groups. These results indicate that a small reduction in intraischemic brain temperature does not have an effect on the magnitude of flow reduction induced by 20 minutes of global ischemia.
Cortical and striatal free fatty acid levels of the different experimental groups are illustrated in Figure 1 . The individual free fatty acid levels in the control rats were in agreement with values reported in the literature for rat cerebral cortex not exposed to ischemia. However, striatal levels of palmitic, stearic, and oleic acids were higher compared with those in the cortex. In the experimental group in which intraischemic brain temperature was maintained at 36° C, all free fatty acids assayed in the cortex were significantly elevated at the end of ischemia with a preferential rise in arachidonic and stearic acid levels. A similar ischemia-induced increase was observed in the levels of palmitic, stearic, and arachidonic acids in the striatum while oleic acid remained unchanged. In the experimental animal group in which intraischemic brain temperature was maintained at 30° C, a similar increase was observed in cortical free fatty acids while even greater increases in arachidonic and stearic acid accumulation were found in the striatum. These results suggest that reduction in brain temperature during 20 minutes of global ischemia does not affect free fatty acid accumulation in the cortex and significantly increases their production in the striatum.
The time course of change in dopamine release during ischemia and recirculation in the various experimental animal groups is illustrated in Figure  2 . Stabie basal concentrations of extracellular dopamine were detected in the three consecutive samples collected before ischemia. In rats whose intraischemic brain temperature was 36° C, a significant increase in striatal dopamine was detected in the perfusate during ischemia. The increase in dopamine was acute and massive (approximately 500-fold), with maximal levels being reached during the first 10 minutes of ischemia. Dopamine levels remained high during the entire ischemic period and gradually returned to baseline by 30 minutes of recirculation. In animals whose intraischemic brain temperature was maintained at 30° C or 33° C, dopamine release was still significantly increased during ischemia and recirculation. However, the increases in dopamine levels in the perfusate were more gradual and of much lesser extent compared with the acute and massive changes observed in Time (mln> animals whose brain temperature was maintained at 36° C.
The time course of change in glutamate release during ischemia and recirculation in the various experimental animal groups is illustrated in Figure  3 . Stable basal concentration of extracellular glutamate was detected in the three consecutive samples collected before ischemia. In animals whose intraischemic brain temperature was maintained at 36° C, a gradual increase in glutamate levels in the striatal perfusate was observed during ischemia; maximal levels of 50 /xM were attained at the end of 20 minutes of ischemia (an approximately sevenfold increase). Glutamate extracellular levels returned to baseline by 20 minutes of reperfusion. In animals whose intraischemic brain temperature was 33° C or 30° C, unchanged low levels of glutamate were detected throughout the ischemic and recirculation periods. These results indicate that the release of glutamate that occurs during ischemia and early recirculation is completely inhibited by small decrements in intraischemic brain temperature.
Discussion
The degree of local cerebral blood flow reduction indicates that a high-grade cerebral ischemic insult was produced in all our experimental animals including those whose intraischemic brain temperature was reduced during ischemia. In a separate study, we have demonstrated that the degree of highenergy phosphate depletion and lactate accumulation was also unaffected by these temperature variations. 8 Taken together, these results suggest that mild hypothermia does not affect the severity of the ischemic insult as measured by the magnitude of flow reduction, energy depletion, or both at the end of ischemia. However, we have demonstrated previously that small decrements of intraischemic brain temperature confer a marked protective effect on the histopathological consequences of a similar ischemic insult. 8 It seems, therefore, that a different mechanism is involved in the protective effect of moderate hypothermia.
It has been hypothesized that excessive release of excitatory neurotransmitters may play a causative role in the development of postischemic neuronal cell death. 9 -12 Recently, convincing evidence has been provided regarding the role of dopamine and glutamate in mediating ischemic damage.
'

18
- 23 Specific glutamatergic deafferentation of the hippocampus 14 -16 and dopaminergic deafferentation of the striatum 18 significantly attenuated postischemic neuronal death. These results suggest that inhibiting the release of glutamate, dopamine, or both during ischemia and recirculation is advantageous in ameliorating ischemic neuronal damage. Decreases in temperature are known to inhibit the biosynthesis, release, and uptake of various neurotransmitters. 19 - 22 Our results demonstrate that when the intraischemic brain temperature was lowered to 33° C or 30° C, the release of extracellular glutamate during ischemia was completely inhibited. Furthermore, the inhibition of giutamate release also extended to the recirculation period when brain temperature was restored to 36° C. The effects of hypothermia on dopamine release were less conspicuous, as increases in dopamine release were still detected. However, these increases were more gradual and of much lesser extent compared with those in animals whose intraischemic brain temperature was maintained at 36° C. These results indicate that ischemiainduced release of dopamine and glutamate is attenuated significantly by small decrements in intraischemic brain temperature. Because the excessive release of these neurotransmitters was associated with the development of postischemic neuronal damage, 17 -23 it is tempting to speculate that hypothermia, acting through such a mechanism, affects the outcome of an ischemic insult.
Our experiments also quantified brain free fatty acid accumulation as an index of the degree of membrane damage induced by the ischemic insult. As has been described previously, ischemia induced an increase in free fatty acids in the cortex. 34 - 35 The present study demonstrated that a similar increase occurs in subcortical areas such as the striatum. Reducing intraischemic brain temperature to 30° C did not have an effect on the massive accumulation of free fatty acids in the cortex and unexpectedly even increased free fatty acid production in the ischemic striatum. Because accumulation of free fatty acids in ischemia is the result of 1) the activation of phospholipases that induce membrane phospholipid breakdown 27 ' 28 -36 and 2) the disturbance of reacylation of free fatty acids due to energy shortage, 25 our results suggest that these processes are not affected by mild intraischemic hypothermia. The coupling between free fatty acid accumulation and neurotransmitter release has been proposed earlier in the ischemic, epileptic, and hypoglycemic rat brain. 37 - 39 However, others have shown recently that norepinephrine depletion fails to influence the ischemia-induced rise of brain free fatty acids. 34 -35 Similarly, our results suggest that the excessive release of glutamate or dopamine plays no role in mediating phospholipid degradation in transient global ischemia.
In summary, our study has shown that an ischemia-induced rise in free fatty acids is unaffected by moderate reductions in brain temperature and is independent of endogenous glutamate or dopamine release. One mechanism by which small intraischemic variations in brain temperature exert their protective effect on the final histopathological outcome appears to involve the reduction of ischemia-induced glutamate and dopamine release.
